Introduction
============

Lung cancer is one of the most common malignancies in the world, including small cell lung cancer and non-small cell lung cancer (NSCLC). NSCLC includes squamous cell carcinoma, adenocarcinoma, and large cell carcinoma. Compared with small cell carcinoma, NSCLC cells grow slowly and have a relatively slow diffusion and metastasis ([@b1-ol-0-0-11030]). In the past 50 years, many countries have reported a significant increase in incidence and mortality of lung cancer. However, the cause of lung cancer is still unclear to a certain extent. It has been shown that long-term heavy smoking is closely related to the occurrence of lung cancer ([@b2-ol-0-0-11030]). Moreover, 80--85% of lung cancer is NSCLC. Postoperative recurrence of NSCLC is the most prominent feature of treatment ([@b3-ol-0-0-11030]). Poor prognosis is also an important feature in patients with advanced NSCLC ([@b4-ol-0-0-11030]). Therefore, early detection, diagnosis and treatment are the key to improving the cure rate of NSCLC.

Different functions of microRNAs (miRNAs) have been identified in human cancers, including NSCLC. For example, miR-598 suppressed migration and invasion by inhibiting epithelial-mesenchymal transition (EMT) and Derlin-1 in NSCLC ([@b5-ol-0-0-11030]). miR-550a-3p promoted proliferation and metastasis of NSCLC cells by downregulating TIMP2 ([@b6-ol-0-0-11030]). Recently, miR-133a, a type of non-coding RNA, was demonstrated to function as gene expression regulators involved in tumorigenesis of human cancers. For example, the inhibitory effect of miR-133a was identified in gallbladder carcinoma ([@b7-ol-0-0-11030]). Moreover, it was reported that the low expression of miR-133a was associated with adverse clinical outcomes in patients with esophageal squamous cell cancer ([@b8-ol-0-0-11030]). In addition, the low expression of miR-133a was found to predict poor prognosis in NSCLC patients ([@b9-ol-0-0-11030]). Moreover, previous studies have shown that miR-133a exerts its effects by regulating the expression of target genes, such as *USP39* ([@b10-ol-0-0-11030]). However, the regulatory mechanism of miR-133a remains unclear in NSCLC. Therefore, the role and target gene of miR-133a was explored in NSCLC.

As a prominent member of Src family tyrosinekinases (SFKs), YES proto-oncogene 1 (YES1) is a key regulator for tumor growth ([@b11-ol-0-0-11030]). It was reported that the important role of YES1 is also involved in the development of human cancers. Inhibition of YES1 restrained the migration, invasion and proliferation of pancreatic cancer cells ([@b12-ol-0-0-11030]). Moreover, YES1 was identified as a central mediator of cell growth in malignant mesothelioma ([@b13-ol-0-0-11030]). Additionally, YES1 has been found to play an important role in the nuclear translocation of epidermal growth factor receptor ([@b14-ol-0-0-11030]). Seki *et al* ([@b15-ol-0-0-11030]) proposed that YES1 functioned as a proto-oncogene in primary human gastric cancer. In NSCLC, the function of YES1 and the interaction with miR-133a are ambiguous.

This study focused on measuring the abnormal expression of miR-133a and analyzing the prognostic relevance of miR-133a in NSCLC. In addition, the effect of miR-133a on the proliferation of NSCLC cells was also investigated. Furthermore, the relationship between miR-133a and YES1 was verified. This study will help us better understand the molecular mechanism of miR-133a in NSCLC.

Materials and methods
=====================

### Clinical tissues

Fifty-two human NSCLC tissues and adjacent normal lung tissues (from patients with lung adenocarcinoma) were obtained from The Affiliated Zhuzhou Hospital of Xiangya Medical College CSU (Zhuzhou, China). NSCLC patients provided informed consent and received no other treatment except surgery. Each sample was confirmed by histopathological evaluation using hematoxylin and eosin staining. Clinical data were recorded at the time of resection and patients were prospectively followed-up to ascertain vital status. The tissues were frozen in liquid nitrogen and then stored at −80°C in a refrigerator. This study was approved by the Institutional Ethics Committee of The Affiliated Zhuzhou Hospital of Xiangya Medical College CSU.

### Cell line culture

Normal human bronchial epithelial cell line BEAS-2B (ATCC^®^ CRL-9609™) and H1299 (ATCC^®^ CRL-5803™), A549 (ATCC^®^ CCL-185™) NSCLC cell lines were obtained from ATCC (Manassas). The cells were then seeded in RPMI-1640 medium containing 10% fetal bovine serum (FBS) and incubated at 37°C in an atmosphere with 5% CO~2~ for 24 h. In addition, 293 cells (BNCC100530, BNCC) were cultured in DMEM medium supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml streptomycin (Invitrogen; Thermo Fisher Scientifc, Inc.) and incubated at 37°C in an atmosphere with 5% CO~2~ for 24 h.

### Cell transfection

miR-133a mimics (forward, 5′-UUUGGUCCCCUUCAACCAGCUG-3′ and reverse, 5′-GCUGGUUGAAGGGGACCAAAUU-3′) or inhibitor (5′-CAGCUGGUUGAAGGGGACCAAA-3′) and the negative control (miR-NC forward, 5′-UUCUCCGAACGUGUCACGUTT-3′ and reverse, 5′-ACGUGACACGUUCGGAGAATT-3′) were obtained from GenePharma (Shanghai, China). YES1 siRNA (5′-ACTCAGGAATCGGCTCTGGAA-3′) and scramble siRNA (si-NC, 5′-GACCTGTACGCCAACACAGTG-3′) were also obtained from GenePharma. They were then transferred to A549 and H1299 cells using Lipofectamine 2000 (Invitrogen), respectively, according to the manufacturer\'s protocols.

### Plasmid constructs

For the overexpression of YES1, the primers used for amplification were: YES1 forward, 5′-GCGGGTACCATGGGCTGCATTAAAA-3′ and reverse, 5′-GGCCTCGAGTTATAAATTTTCTCCTGGCT-3′. The YES1 cDNA products were cloned into the mammalian expression pcDNA3 vector (Invitrogen) at sites '*Kpn*I and *Xho*I' (Takara). Next, the vector was transfected into A549 and H1299 cells with miR-133a mimics using Lipofectamine 2000 (Invitrogen) for 48 h.

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA in NSCLC tissues and cell lines was extracted using TRIzol reagent (Invitrogen). cDNA was synthesized using the PrimeScript™ RT Reagent kit (DRR037A; Takara). We performed RT-qPCR using SYBR-Premix Ex Taq™ II (DRR041A; Takara) on the ABI 7300 HT Sequence Detection System (Biosystems). The cycling conditions were: 95°C for 15 sec, then 40 cycles at the following conditions: 94°C for 15 sec, 56°C for 15 sec, 66°C for 30 sec. The normalization of miRNA and mRNA was U6 and GAPDH, respectively. U6 was used for the normalization of miR-133a. GAPDH was used for the normalization of YES1. The expression was calculated using the 2^−∆∆cq^ method ([@b16-ol-0-0-11030]). All RT-qPCRs were run in triplicate. The specific primer pairs used were: miR-133a forward, 5′-TGCTTTGCTAGAGCTGGTAAAATG-3′ and reverse, 5′-AGCTACAGCTGGTTGAAGGG-3′; U6 forward, 5′-CTCGCTTCGGCAGCACA-3′ and reverse, 5′-AACGCTTCACGAATTTGCGT-3′; YES1 forward, 5′-TCCAGAACTTTTTCACTTCAGTC-3′ and reverse, 5′-TCTACATTTTCCTCTCTGTTCATC-3′; GAPDH forward, 5′-GGAGCGAGATCCCTCCAAAAT-3′ and reverse, 5′-GGCTGTTGTCATACTTCTCATGG-3′.

### CCK-8 assay

CCK-8 assay was performed to measure cell proliferation based on the manufacturer\'s instructions. Next, 5×10^4^ NSCLC cells were incubated in 96-well plates for 0, 24, 48 and 72 h at 37°C. They were placed in an incubator containing 5% CO~2~ at 37°C. Subsequently, 10 µl CCK-8 reagents (Dojindo) were added to incubate the cells for 2 h. Finally, the cells were detected using a microplate reader (Molecular Devices) at an absorbance of 450 nm. All experiments were run in triplicate.

### Bioinformatics analysis

Bioinformatics prediction TargetScan version 7.1 online software ([www.targetscan.org](www.targetscan.org)) was used to predict the potential targets of miR-133a, according to the manufacturer\'s instructions. Briefly, human was selected as the target species and miR-133a was inserted as the investigated miRNA. miR-133a was predicted to be able to directly bind to the seeding sequences of the 3′-UTR of YES1.

### Dual luciferase assay

Luciferase reporter vectors were constructed by amplifying the 3′-UTR of wild-type or mutant YES1 and subcloning them downstream of the luciferase gene in the pcDNA3.1 luciferase vector (Promega). Then, 50 ng of the above vectors containing firefly luciferase together with 25 ng of miR-133a mimics were transfected into human embryonic kidney 293 cells (ATCC^®^ CRL-3216™). The high transfection efficiency of 293 cells contributes to show clearer changes in luciferase activity to verify the relationship between miR-133a and YES1. 293 cells only with 50 ng of pcDNA3.1 luciferase vector were used as the control (Blank). Subsequently, the luciferase activity was measured through dual luciferase assay system (Promega). All experiments were run in triplicate.

### Statistical analysis

Data were shown as mean ± SD. The data were analyzed using SPSS 19.0 or Graphpad Prism 6 (GraphPad Software, Inc.). The association between miR-133a and clinicopathological characteristics in NSCLC patients was calculated by χ^2^ test. Pearson\'s correlation analysis was performed to examine the correlation between the miR-133a and YES1 expression in NSCLC tissues. Differences between groups were calculated by Tukey\'s one-way ANOVA. Survival curves were detected by Kaplan-Meier analysis and Cox analysis. Log-rank test was used to compare survival differences. Significant difference was defined at P\<0.05.

Results
=======

### miR-133a is downregulated in NSCLC

First, the expression levels of miR-133a in 52 cases of NSCLC tissues were examined. The median relative expression level of miR-133a in these tissues was taken as a cut-off point to separate low and high expression of miR-133a. We found that the aberrant expression of miR-133a was associated with lymph node metastasis and tumor stage ([Table I](#tI-ol-0-0-11030){ref-type="table"}). Furthermore, the expression of miR-133a was reduced in NSCLC tissues compared to normal tissues ([Fig. 1A](#f1-ol-0-0-11030){ref-type="fig"}). Then, miR-133a expression was observed in H1299, A549 and BEAS-2B cell lines. Similarly, downregulation of miR-133a was also detected in H1299 and A549 cell lines compared to BEAS-2B cells ([Fig. 1B](#f1-ol-0-0-11030){ref-type="fig"}). In addition, low miR-133a expression was found to have a shorter overall survival rate in NSCLC patients (P=0.0418, [Fig. 1C](#f1-ol-0-0-11030){ref-type="fig"}). These results suggest that miR-133a may be involved in tumorigenesis of NSCLC.

### Overexpression of miR-133a inhibits cell proliferation in NSCLC

To explore the role of miR-133a in NSCLC, A549 and H1299 cells with miR-133a mimics or inhibitor was prepared to perform gain-loss functional experiment. First, we found that miR-133a expression was increased by miR-133a mimics and decreased by miR-133a inhibitor in A549 and H1299 cells ([Fig. 2A and B](#f2-ol-0-0-11030){ref-type="fig"}). Next, the overexpression of miR-133a was found to inhibit cell proliferation in A549 cells. Additionally, downregulation of miR-133a promoted A549 cell proliferation ([Fig. 2C](#f2-ol-0-0-11030){ref-type="fig"}). Consistently, the same effect of miR-133a on cell proliferation was also identified in H1299 cells ([Fig. 2D](#f2-ol-0-0-11030){ref-type="fig"}). These findings revealed that miR-133a regulated tumorigenesis of NSCLC by restraining cell proliferation.

### YES1 is a direct target gene of miR-133a

YES1 was selected as a target gene of miR-133a. TargetScan database (<http://www.targetscan.org/>) shows that miR-133a has a binding site with the 3′-UTR of YES1 ([Fig. 3A](#f3-ol-0-0-11030){ref-type="fig"}). Luciferase reporter was preformed to confirm this prediction in 293 cells. We found that miR-133a mimics significantly reduced the luciferase activity of Wt-YES1. However, the luciferase activity of Mut-YES1 was not affected by miR-133a mimics ([Fig. 3B](#f3-ol-0-0-11030){ref-type="fig"}). Then, a negative correlation between YES1 and miR-133a was identified in NSCLC tissues (P\<0.0001, R^2^=0.698; [Fig. 3C](#f3-ol-0-0-11030){ref-type="fig"}). Next, the expression level of YES1 was examined in A549 and H1299 cells with miR-133a mimics or inhibitor. The results showed that miR-133a mimics reduced YES1 expression, while miR-133a inhibitor enhanced YES1 expression in A549 and H1299 cells ([Fig. 3D and E](#f3-ol-0-0-11030){ref-type="fig"}). Thus, YES1 was confirmed as a direct target of miR-133a and inversely regulated miR-133a expression in NSCLC.

### Downregulation of YES1 inhibits proliferation of NSCLC cells

Next, the expression levels of YES1 were detected in 52 cases of NSCLC tissues. The median relative expression level of YES1 in these tissues was taken as a cut-off point to distinguish the low or high YES1 expression. The abnormal expression of YES1 was found to be correlated with lymph node metastasis and tumor stage ([Table I](#tI-ol-0-0-11030){ref-type="table"}). In addition, the expression of YES1 was increased in NSCLC tissues compared to normal tissues ([Fig. 4A](#f4-ol-0-0-11030){ref-type="fig"}). Similarly, upregulation of YES1 was also observed in H1299 and A549 cell lines compared to BEAS-2B cells ([Fig. 4B](#f4-ol-0-0-11030){ref-type="fig"}). Furthermore, in NSCLC patients high YES1 expression was found to predict poor prognosis (P=0.0309, [Fig. 4C](#f4-ol-0-0-11030){ref-type="fig"}). Next, the unfavorable patterns (low miR-133a expression and high YES expression) were combined in the Kaplan-Meier analysis and Cox analysis. We found that there was no significant difference in overall survival rate between low miR-133a expression and high YES1 expression (P\>0.05, [Fig. 4D and E](#f4-ol-0-0-11030){ref-type="fig"}). To explore the effect of YES1 on cell proliferation in NSCLC, YES1 siRNA was transfected into H1299 and A549 cells. RT-qPCR showed that the expression of YES1 was significantly reduced by YES1 siRNA in A549 and H1299 cells compared with the control ([Fig. 4F](#f4-ol-0-0-11030){ref-type="fig"}). Functionally, knockdown of YES1 was found to inhibit cell proliferation in A549 and H1299 cells ([Fig. 4G and H](#f4-ol-0-0-11030){ref-type="fig"}). These results suggested that YES1 promoted cell proliferation and predicted prognosis in NSCLC.

### Upregulation of YES1 abolishes the inhibitory effect of miR-133a in NSCLC

To verify the interaction between miR-133a and YES1 in NSCLC, YES1 overexpression vector was transfected into A549 and H1299 cells containing miR-133a mimics. First, it was found that miR-133a mimics-induced decrease in YES1 expression was restored by YES1 overexpression vector in A549 and H1299 cells ([Fig. 5A and 5B](#f5-ol-0-0-11030){ref-type="fig"}). Functionally, the inhibitory effect of miR-133a on cell proliferation was weakened by the upregulation of YES1 in A549 and H1299 cells ([Fig. 5C and D](#f5-ol-0-0-11030){ref-type="fig"}). Collectively, upregulation of YES1 abolished the inhibitory effect of miR-133a in NSCLC.

Discussion
==========

An increasing number of miRNAs has been proposed to be involved in the pathogenesis of human cancer, including NSCLC ([@b17-ol-0-0-11030],[@b18-ol-0-0-11030]). Among them, the downregulation of miR-133a was identified in several human cancers, including breast cancer ([@b19-ol-0-0-11030]) and colorectal cancer ([@b20-ol-0-0-11030]). In this study, miR-133a was also downregulated in NSCLC. Furthermore, this downregulation was found to be correlated with adverse lymph node metastasis and tumor stage in NSCLC patients, which has not been reported in previous studies. We also found that low miR-133a expression was closely correlated with shorter overall survival in NSCLC patients. Consistent with our results, miR-133a was also reported to predict poor prognosis in patients with hepatocellular carcinoma ([@b21-ol-0-0-11030]). In addition, the overexpression of miR-133a was identified to restrain NSCLC cell proliferation in our study. Previous studies have demonstrated the inhibitory effect of miR-133a on cell proliferation in gastric cancer ([@b22-ol-0-0-11030]) and laryngeal carcinoma ([@b23-ol-0-0-11030]). These findings indicate that miR-133a may promote the tumor growth of NSCLC. However, the correlation between miR-133a expression and tumor size in NSCLC patients were not found in the present study. We speculate that this difference may be due to the small number of samples we collected. The number of samples will be expanded to further confirm our results.

In addition, it is well-known that miRNAs exhibit their effect through regulating expression of target genes ([@b24-ol-0-0-11030]). Moreover, miR-133a was also identified to regulate tumorigenesis by mediating target genes, such as SENP1 ([@b25-ol-0-0-11030]) and USP39 ([@b26-ol-0-0-11030]). To further explain the regulatory mechanism of miR-133a in NSCLC, we also investigated its downstream target in this study. Here, YES1 was confirmed as direct target gene of miR-133a, which has not been found in previous studies. Furthermore, we found that miR-133a restrained proliferation of NSCLC cells by downregulating YES1.

The role of YES1 was also explored in the current study. Upregulation of YES1 was detected in NSCLC, which was correlated with worse clinical outcomes and prognosis in NSCLC patients. Moreover, knockdown of YES1 was found to suppress NSCLC cell proliferation. Similar to our results, it has been reported that YES1 promoted lung cancer growth and progression ([@b27-ol-0-0-11030]). In the present study, upregulation of YES1 was found to abolish the inhibitory effect of miR-133a on cell proliferation in NSCLC. Similar interaction between YES1 and other miRNAs was also reported in previous studies, such as miR-140-5p ([@b28-ol-0-0-11030]). All these findings suggest that miR-133a serves as an inhibitor for NSCLC development by suppressing YES1 expression. However, the role of miR-133a *in vivo* and the effect of miR-133a on NSCLC cell metastasis have not yet been investigated.

In conclusion, downregulation of miR-133a was detected in NSCLC and was correlated with poor clinical outcomes and prognosis in NSCLC patients. Importantly, miR-133a inhibited proliferation of NSCLC cells via targeting YES1. Our findings show potential to provide a new approach to the diagnosis and treatment of NSCLC.

Not applicable.

Funding
=======

Not applicable.

Availability of data and materials
==================================

The datasets used during the present study are available from the corresponding author upon reasonable request.

Authors\' contributions
=======================

YS contributed to the study design, data analysis and drafted the manuscript. FC was involved in data acquisition and revision of the manuscript. YL contributed to the study design, data analysis, and revised the manuscript. All authors read and approved the final manuscript.

Ethics approval and consent to participate
==========================================

This study was approved by the Institutional Ethics Committee of The Affiliated Zhuzhou Hospital of Xiangya Medical College CSU (Zhuzhou, China). Signed informed consents were obtained from the patients or their guardians.

Patient consent for publication
===============================

Not applicable.

Competing interests
===================

The authors declare that they have no competing interests.

![Downregulation of miR-133a was detected in NSCLC. (A) The expression of miR-133a was detected in NSCLC tissues and adjacent normal tissues. (B) The expression of miR-133a was measured in A549, H1299 and BEAS-2B cell lines. (C) Low miR-133a expression was related to shorter overall survival in NSCLC patients. \*P\<0.05, \*\*P\<0.01. miR-133a, microRNA-133a; NSCLC, non-small cell lung cancer.](ol-18-06-6759-g00){#f1-ol-0-0-11030}

![Overexpression of miR-133a inhibits cell proliferation in NSCLC. (A and B) Expression of miR-133a was examined in A549 and H1299 cells with miR-133a mimics or inhibitor. (C and D) Cell proliferation was measured in A549 and H1299 cells with miR-133a mimics or inhibitor. \*P\<0.05, \*\*P\<0.01. miR-133a, microRNA-133a; NSCLC, non-small cell lung cancer.](ol-18-06-6759-g01){#f2-ol-0-0-11030}

![YES1 is a direct target of miR-133a. (A) miR-133a has binding sites with the 3′-UTR of YES1. (B) Luciferase reporter assay. 293 cells only with 50 ng of pcDNA3.1 luciferase vector were used as the control (Blank) (C) miR-133a was inversely correlated with YES1 expression in NSCLC tissues. (D and E) The expression of YES1 was observed in A549 and H1299 cells with miR-133a mimics or inhibitor. \*\*P\<0.01. miR-133a, microRNA-133a; NSCLC, non-small cell lung cancer.](ol-18-06-6759-g02){#f3-ol-0-0-11030}

![Downregulation of YES1 inhibits cell proliferation in NSCLC. (A) Expression of YES1 was measured in NSCLC tissues and adjacent normal tissues. (B) The expression of YES1 was observed in H1299, A549 and BEAS-2B cell lines. (C) High YES1 expression was related to shorter overall survival in NSCLC patients. (D and E) Combination of unfavorable pattern (low miR-133a expression and high YES1 expression) was evaluated in NSCLC patients using Kaplan-Meier analysis and Cox analysis. (F) Expression of YES1 was observed in A549 and H1299 cells with YES1 siRNA or si-NC. (G and H) The cell proliferation was measured in A549 and H1299 cells with YES1 siRNA or si-NC. \*P\<0.05, \*\*P\<0.01. miR-133a, microRNA-133a; NSCLC, non-small cell lung cancer.](ol-18-06-6759-g03){#f4-ol-0-0-11030}

![Upregulation of YES1 abolishes the inhibitory effect of miR-133a in NSCLC. (A and B) Expression of YES1 was measured in A549 and H1299 cells with YES1 overexpression vector and miR-133a mimics. (C and D) Cell proliferation was measured in A549 and H1299 cells with YES1 overexpression vector and miR-133a mimics. Untreated cells were used as the controls (Blank). \*\*P\<0.01. miR-133a, microRNA-133a; NSCLC, non-small cell lung cancer.](ol-18-06-6759-g04){#f5-ol-0-0-11030}

###### 

Association between miR-133a expression and their clinicopathological characteristics in NSCLC patients.

                                miR-133a                                                               YES1             
  ------------------------ ---- ---------- ----- ----------------------------------------------------- ------ ----- --- -----------------------------------------------------
  Age (years)                                    0.256                                                                  0.325
    ≥60                    30   12         18                                                          31     22    9   
    \<60                   22     5        17                                                          21     16    5   
  Sex                                            0.235                                                                  0.301
    Male                   32     9        23                                                          33     24    9   
    Female                 20     8        12                                                          19     14    5   
  Tumor size (mm)                                0.082                                                                  0.073
    ≤3                     35     9        26                                                          36     28    8   
    \>3                    17     8          9                                                         16     10    6   
  Lymph nodes metastasis                         0.048^[a](#tfn2-ol-0-0-11030){ref-type="table-fn"}^                    0.032^[a](#tfn2-ol-0-0-11030){ref-type="table-fn"}^
    Yes                    12     5          7                                                         11       5   6   
    No                     40   12         28                                                          41     33    8   
  Tumor stage                                    0.045^[a](#tfn2-ol-0-0-11030){ref-type="table-fn"}^                    0.033^[a](#tfn2-ol-0-0-11030){ref-type="table-fn"}^
    I--II                  41   11         30                                                          39     31    8   
    III--IV                11     6          5                                                         13       7   6   

Statistical analyses were performed by the χ^2^ test.

P\<0.05, indicates significant difference. miR-133a, microRNA-133a; NSCLC, non-small cell lung cancer.
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